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By Carl B. Palmer

SUMMARY

An analysis of the psrformance of compressor-turbine
Jet-propulsion systems was carrled out by calculating the
thrust power from a compressor-turblne jet engine with a
systematle verlation of pressure ratio, fuel-alr ratlo,
compreossor and turbine efflclencles, flight speed, altl-
tude, and maximum gas temperature.

Increasing the compressor and turbine efflciencies
from 76 to 80 percent was Tound to double ths over-all
efficiency of the engine at 300 miles per hour /(Ll:0 fps).
Tncreasing the speed from 300 to 60CC niles per hour
(680 fvns) increased the over-all efficiency by 7 to
10 percent, The maximum power output at a particular
altitude was shown to Y= approximately provortlonal to
the temperature difference between the combustlon chamber
and the free atmosphere.

INTRODUCTION

The baslc principles of thermal-air Jet propulslion
have long bsen understood but not until recently have
systems been devised that are capable of applying these
principles to the propulslion of pessenger-carrying air-
planes, The msathod that appsars to have the greatest
potentialities maelkes use of mechanlcal compression of
atmospheric alr and continuous burning of fuel 1n the
compressed air. One of the early practicable systems,
the Ttelian Caproni-Campini, made use of an ordinary
internal -combustion engine for running the compressor.
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This system eliminated the propeller but still had the
heavy welght and the complicatlion of the reclprocating
enginc combined with the low efficlency of a marginal

Jet-propulsion system.

The use of & gas turblne for driving the compressor
offered the advantaeges of simpliclty and low engine weight
per horsepower output, but the thermal efficlency was
impractlicably low because the twrbine had to operate at
lew temperatures to prevent blade damage. Brown, Boverl
& Conpany, ILlmited, had developned practical gas-turbine
power plants for stationary instellations, in which weight
was no problem anéd & conslderable amount cf regeneration
could be used. The thermal-alr jet engine with turbine-
driven compressor hece: > a practical means of alrcraft
propulsion, however, only wlth the development of mate-
rials for gaas-turbline rotor blades that could operate
continuously at temperatures of 12000 F or higher and the
development of a lirht-welight rotary compressor capable
of zlving & pressure ratlo of at lsast 3, at greater than
60 percent efficlency. Reference 1 derccribes a turbine-
comprecsor unlt sultable for use in a Jet engilne.

Although the temperatures and erficlencles at which
the turbline-compressor Jet englne becomes practicable are
of inlerest, it appeurs more ilmnortant to inquire into
the effect of further improvement in temperatures, sffl-
clencies, and other pertinent factors in Jet-engine
perfornance. An analysis of the effecta of various jet-
engine deslgn and operatlional parameters may Indicate the
most nrofitable lines of developmenial rsseerch and the
emount of improvement in performarce and efficlency to be
expected from such research. Such an snalysls of Jot-
engine performance 1s proesented hersin., The altitude and
spesd of flight, the turblne and coupressor efflclencies,
the fuel-alr and pressure ratlos, and the combustlion-
chamher temperature are varied to show the effect of each
not only on the engine thrust power but aiso on the opti-
mun valves of the other parameters, Among the pertinent
topilce not consldered 1in thils anclrsis ere engine welghts
and the effect of arbitrarily changlng the fuel rate for
a partlcular power nlant.
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" 'METHOD OF ANATLYSIS

The calculations for this study were made on a
Molllier chart for air (see flg. 1, which was transformed
from a chart in reference 2 and i1s placed at the end of
the report) by the methods described in reference.?. For
purposes of thls analysls, air coaspresslon by ram 1is
1sentropic, mechanlical compreasion 1s at an arbiltrarily
asslgned efficlency, crmbustion tekes place at constant
pressure and a given efficlency, energy 1s taken from the
working fluld by the turbine at an arbltrarlly assigned
efficlency, and the alr after passing the turblne accel-
erates isentropically to free-stream statlc pressure.

For every combinatlon of altitude, speed, and maximum
ellowable temperature, varlous pressure ratlos are used;
in each case the amount of fuel required to raise the air
temperature to the deflned maxlimum is burned. For each
set of conditlions two comblnations of fuel-air ratio and
pressure ratlio are strersed - one giving meximum power and
one glving rnaximum over-all offlclency.

e calculations on the Mollier chart indicate the
thrust powcr from each nound poer sccond of conduected alr.
In order to show more clearly the effects of eltitude and
gpaesd, the deelgn is asrumed tec »c¢ such that the welght
flow of charge alr is proportional to the free-stream
stagnation density; the base used 1s )10 pounds per second
at 500 feet per sccond at sea level. (See fig. 2) This
assumptlon 1s 1n reasonable accoird with results from
actual installations beocause the air veloclty should be
approxlmately constant in the englne 1n order to malntaln
the coupressor and turbine efflciencles. ‘Whenever possilble,
the gruphs of results are drawn with scales of both power
and power per (pound per second) of charge air. The graphs
for zero flight speed at sea level show the statlc thrust
force; for all other crndltlons, power rather than thrust
1s shown,

‘The compressor and turhine are operating at defined
efficiencles so that, when the fuel-air ratio and the
compression ratio are changed at a particular altltude
and speed, the curves represent an infinite number of
englines, each of which 1s deslgned to have the deflned
efficiencies at the particular operating conditlons under
consideration.
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Fizure 2.- Wolght flow of charge air.,

The results of the analysls are vresented ln two
parts. In the first pert only the jet engine l1ls con-
sldsered, wilthout reference to any airplene in which 1t
micht he 1nestalled, and in the second nart the performance
of a partlcular installstion is dlscussed.

The symbols used herein are defined 1n appendilx A,
and the condltions and assunmptlons used are dlscussed 1in
appendix B,
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" PERFORMANCE OF JET EXGINE -

‘.),,\'

Tigure % presents a set of ovcles on the Molller yﬁﬁp
chart for the purpose of illustrating the effect of pPreg~ .t Yy eb
gure ratio and fuel-alr ratio on the thrust from 1 pound f-w:“,f”
of air. The vertical distances (erthalpy changes) in o
cycle B are- significant In the followling manner: The
distance 0 to 1 indicates the veloclty with which the air
approaches the engine, 1 to 2 shows the energy added by
the compressor, and 2 tc 3 shows the energy added by
burning fuel &t constant pressure. At a partlcular altl-
tude, rlight =psed, compressor effilclsncy, and maxlmum
temperature {tempcratwie at point %), the locetion of
point 2 vniquely determines the fuel-alr ratio and the
pressure ratio, so that ons ratio may be plotted as a
function of the other. The distance 3 to li shows energy
taken out by the turblne, and I to 5 indicates the exit
veloclity of the propelling Jet. The distance 5 to 5! 1s
the same as O to 1 so that, when point L falls on 5!, the

Locus of

- Locus of 5!

Enthalpy and temperature

Entropy

Figure .3,- Jet-engine cycles.:
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exlt veloclty equals the approach veloclty and the con-
ducted alr contributes nelther thrust nor drag. The
thrust 1s, therefore, determined by the distance L to 5¢,
which 1n conjunction with O to 1 shows the velocity
increase of the conducted alr; that 1s,

Thrust cc AV

« vDilstance li to 5 - Distance 5' to §

Cycle A, which has hilgh preasure ratio and low fuel-alr
ratlo, and cycle D, which has low. pressure ratlo and high
fuel-alr ratio, show little or no thrust. Cycles B and C
glve about equal thrust; and maximmm thrust would be
obtained with a cycle intermedlate to B and C.

Figures I to 6 show the varietlion of thrust power
with fuel-alr ratio for various turbine and compressor
efficiencles., The pressurc-ratlio curve 1s also shown as
a function of fuel-alr ratlo., In order to find the pres-
sure ratio for a particular polnt on a thrust-power curve,

-——> read the value of R for the fuel-alr ratio corresponding
to the polnt on the thrust curve. With the maximum tem-
perature fixed, operatlion ls possible only in a narrow
range of fuel-alr ratio and pressure ratio. These fuel-~
alr and pressure ratios are shown for three gas tempera-
tures in the followlng table:

Maxlmum
Tressure Fuel-air
tem?2§§t“r° ratlo ratio
1500 5 to 6 |0.015 to 0.013%
1800 8 to9 | .019 to .016
2100 10 to 12| .022 to .020

In this table both turblne and compressor efflclencles
are about 80 percent. If these efficiencles were 70 per-
cent, the fuel-alr ratlos would be 0.001 to 0,002 higher,
and the pressure ratios would be about two-thirds of
those shown. Decreasing the turblne and compressor
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efficlencles not only ceuses a décrease in the maxlmum
power obtalinable but also considerably restricts the
range of fuel-alr ratlo for which operation is possible.
This fact 1s particulaly evident in figure |, If the
turbine effilclency 1s held constant and the compressor
efficiency 1s varled, the power curves sre quite similar
to those shown.

T Ty
60
1800 -
50 A7 16
TN o
1400 - \(pezts-cgent]
Lo \ //’*\‘ 12
\\ 4/ \\\ R
Y :
— ~
1000 30 : \\ (> 8
\
N /W
NS L 6s
6oo — 20 <! L
— \ R
10 : 0
200 -—
0
.00l .008 .012 ~ ,016 .020  .02L
We/Ma

Figure .- Effect of fuel-air ratic on thrust and
pressure ratio. At sea level; Vg = 0; tmgx = 1500° F;

Te = 75 percent.
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Filgure 6.- Dffect of fuel-air ratio on thrust power and
recsure ratlo. Altitule, L0,G00 feet; V, = 880 feet

per second; tpax = 1500° F'; 1, = T5 percent.

T™e maximum polnts of a numher of curves of the type
shown in figures L. to 6 are plotted on coordinates of
compressor and turblne efficlencies in flgure 7 to show
the relative importance of these two efficlencies. In
this flgure the axes may be interchanged with little
chanze in the thrust or power curves, which lndiceates
that, for all practlcal purposes when reasonabls effl-
ciencies are used, the thrust 1s equally sensitlve to
changes in turbine and compressor efflclencles and that
the product of turbine and compressor efficiencies 1s
more signiflcant..than elther dffilclency alone,

The effects of fuel-alr ratio, pressure ratio, and
maximmm temperature on thrust and thrust power are shown
in figures 8 and 9. Figure & showas the variation of
static thrust at sea level with fuel-alr ratlo at each
of three maximum temperatures. Lines of constant pressure
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wigure 7.~ Relative effects of 7, and on thrust
and thrust power. ¢t .z =1 0Q° r,
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Filgure 8.~ Effscts of fuel-ailr ratio, pressure ratlio, and
maximum temperature on thrust. At sea level; V, = O;

N = Np = 85 percent.

ratio are drawn through these thrust curves. Figure 9
18 a simllar plot of thrust power at high speed and high
altitude., These figures indlcate that, for the range of
temvnerature consldered, the maximum thrust at any alti-
tude is nearly proportional to the difference between
free-stream and combustlion-chamber temperatures., At any
particular temperature the thrust is more sensitive to
changes in fuel-alr ratlo than to changes 1ln pressure
ratio.

Comparlsons of many curves of the type shown in
figures L to 9 indicate that the pressure ratio and the
fuel-alr ratio for a particular power condition are pri-
marlly functions of the comblned turbine and compressor
effliciencles and the combustion-chamber temperature.
Figure 10, which shows this relatlonship for the mazimum-
power conditlon, 1s reasonably accurate for the range of
flight speed and altitude consldered in the present analysis.
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NACA ACR PMo. LS5E1T7 13

.02l s
Nep = 0.65 \
.023 B 0 50 /
- I n = ] - .
_ o oy = /| memng
/ )
.021 V4

) 4 ////
.020 A

// f
s /

.018

.017 12
/ //
.016 -+ — R |10
. 015 ‘ ,J/ 118
/- S | R

+0LhT @ o ,,/"" é
.013 = . L
— 2

0

1500 1800 2100

Maximum temperature, COF

Figure 10.~ Effect of englne temperature on fusl-air
ratlo and compression ratio. Maximum-power conditlon.

Figure 11 shows how the thrust power and the thermsal,
jet, and over-all efficiencies for 880 feet per second

at 40,000 feet vary with the fuel-alr ratlio. Turbine and
compressor efficlencic. are held constant at 85 percent,
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and tine pressure ratlio 1s varlied to keep a maximum tem-
perature of 15000 F or 2100° F, These curves ghow that
the maxlimum-thrust conditlon is not the condition of most
economicsl operation. If an engine having a maximmm
temperature of 2100° F (fig. 1l(b)) 1is designed to run
at maxlmum over-all eficiency instead of maxlimum thrust
power, the jet efficicncy is improved from Lj2 to 51 per-
cent, the thermal efficiency 1s sllghtly improved, and.
tho over-all efficlency increases from 21 to over

26 percent. The thrust poewer, however, drops to

1000 horsepower, only 70 percent of the maximum of 1400.

P P
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90 - 100 50
1000 -- :
Pt 2
\ \ // '\ Thrust
werY
900 — 80 R o= 80 10
\ /1
\ 7
\
800~ 70 \#( 60 30
r—--——-'—— \\ \ S nJ
700~ ¢ . N L0 20
RN
600~ o1 N
N T e
50 // : N 20 10
AN
f N
Lo 0 0
ool .008 .012 .016 .020
/e
() tay = 1500° F.

Figure 1l1.- Changes in thermal, jet, and over-all effl-
ciencies and thrust power with fuel-alr ratio.
Altitude, [,0,000 feet; V, = 830 feet per second;

fle = np = 85 percent.
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Figure ll.- Concluded.
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" Pigure 12 shows how the thrust power and the thermasal,

Jet, and over-all efficlencles vary with the maximmum
temperature for operation both at meximum thrust power
and at maximum over-all efficiency. As 1s to be expected,
the thermal efficlency increases with the temperature

. range of the cycle and the Jet efficlency decreases with

{ —— the higher velocitles that accompany the high temperatures.

. Yhen operaticon ls at maxlaum power, an increase in maximum
temperature does not cauvse a significant change in the
over-all efficlency but the rate of fuel consumption 1s
considcrably incressed. For the meximum-power condlition,
therefore, the net resalt of using a higher ongine tem-
perature 1s to Increase the pcwer capacity of the engine
and thus to lmprove the power-welght ratio. When condi-
tions of maximum over-all elficlency are specifled,
higher engine temperatures load to improvement 1a over-all
efflciency as well as 1ln engine cupaclty.

Calculatlions for other flight speeds and turblne and
compressor efficienciee show that, at maximum power, the
over-all efficiency is nearly lndependent of maxlimum
engine temperatwe. The altitude effect ls relatively
small, TUnder these circumstances, curves showlng over-all
efficlency as a function of flight speed and the product
of turbine and compressor officlencies (fig. 13) will be
aporoximately correct over the entlre range of englne
tempercture end altltude under conslderatlon. In nearly
all cases the over-all efficlency will fall within the
ranges lndicated in the following table:

over-all effilcisncy

Product of turbine and (porcent )

1 3
compressor eflficlencies £80 fps [0 fps
0.} 8 to 10 | -~ceaaa
.5 13 to 15 | L to 6
6 16 to 18 | 8 to 10
.7 20 to 22 |10 to 12

Figures 1l and 15 show how the thrust power per
(pound per second) of alr flow varies with flight speed
and altitude. Figure 1l describes operation at maximim

—
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power and figure 15, operation at maxlmm over-all effi-
ciency. The fact that the curves for altltudes of 50,000
and 60,000 feet are coincldent (Ffig. 1) indicates that
the atmospheric temperature 1s the . only altitude effect

which hag a direct bearing upon the power per (pound per
secondl) of conducted air.

720
8o /,880 £ps
g ‘/
) ! fps
1o _ / _ P
" -
/ .
C 4
0 .20 Lo .60 .80 1.00
MMy

Figure 13.- Effect of turbine and compressor efficlencles
and flight spoed on over-all efflclency.

PERT'ORWANCE OF JET-ENGINE INSTALLATION

The turblne and compressor for a jet engine of the
type under consideration should he so selecled that the
compressor tergue requlred and the turbine torque pro-
duced exactly balance at tho deslred rotetlonel speed.
The blade angles must be such that both turbine and

compressor operate at maximum eff'liciency when the design
air flow l1ls obtained,

An engire that hae been designed for a particular
maximum temperature, alr-flow rate, and power condlitlon
(for example, maximum thrust and meximm over-all
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Figure 15.- Engine performaﬁce when design 1s for maximum
over-all efficlency. tpgx = 18000 F;

Ne = nNp = 85 percent.

efficiency) may be operated at the same temperature and
power conditlon over & wlde range of speed and altitude
with 1little change in turbine and compressor efficlencles -
if the air-flow rate can be controlled in flight by an

ed justable exlt nozzle or similar mcans. This simple
adaptablility of the jet englne is dlscussed in appendix B.
Each combinaetlion of power condition and maximum tempera-
ture, then, actually represents a single engine, the
performance of which follows with only slight discrep~
ancles the foregolng calculations. The performance
calculated hereln l1s for an airplane powered with one of
the jet engines described in the preceding section.

]
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ine,~ The ‘turbine and- compressor operate. at
adliabatic efficlencles of 85 percent, and a temperature
of 1500° F 1s maintained in the combustion chamber.
Operation 1s at the power conditlon of meximum thrust
per (pound. per second) of conducted air. The exlt nozzle
is of such a nature thet the air-flow rate agrees wlth
the curves in figure 2. The engine performance character-
istiocs are shown by figure 16, in which thrust power is

520 1 Altitude
. (£t)
Sea level
o, 2koo ; /
< L
; -
B 1600 v
<} 4 /,'25 , 000
-
+ —77“51: et +
g I . rd 0,000
& Boo < 557060
///7v//4 ,"4’:::,—~J”’#5 ’
A _A = —|60,000 L]
‘/}:;/’::;“::::’”"—————”” .
0 | l
0 200 L,oo 600 800 1000 1200

¥light speed, fps

Plgure 16.~ Engine power output. tmax = 200° F;
Ne = Mp = 85 percen

plotted as a functlon of flight speed. At each altitude
the thrust power increases almost linesrly wlth the
flight aspeed, which lndicates that the thrust force
chenges only slightly with flight speed.

Airslane.- The airplane 18 & small, high-speed
fighter-type alirplane, wlith a gross welght of 00 pounds

and a wing loading of 50 pounds per square foot. The
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11 ft-drag ratio for the airplane 1s calculated by the
equation

L:—-—G-E—z
0]
Cp, *+ or”
efrA
where
= 0.0
Cp, . 1L
A=5.75
e = 0.9

For high flight Mach numbers thls retlo 1s divided by
the correction factor’ for {p shown in flgure 17,

3.2 . : /
] |
82.' [
+
S /
o
: ]
+» 1,6 '
(¢
()]
£
¢ /
£ .8
Ol I
0 Qi .8 1.2

M

Flzure 17.- Mach muuber correctlon for drag coefficient.
(From unnublished data.)
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which ‘was obtalned .from -unpublished. data. .. The.resulting
alrplane power requirements for level flight are .shown

in figure 18.

Altitude
3200 (£e)
Sag
! level
& aloo :
k // 0,000
4 | y
2 | A 5.0
1600 —_— /
- /Ili0, 000
1]
: Vi
800 ’ A
5
S -
i — -
— |
O 1
0 200 Lio0 600 800 1000

Flight speed, fps

Figure 18.- Power required by airplane for level flight.

Calculations of performance.- In order to calculate
speed and rate of climb, the power requlred by the alr-
plane for level flight at a particular altitude (fig. 18)
can be plotted on the same greph with the gower out put
of the engine at the same altitude (fig. 16). The inter-
section of .the two curves will indlcate the level-flight
speed for the particular altitude-engine-alrnlane com-
bination under consideration. For flight speeds less
than that obtained 1n level flight, the excess of power
available over power required may be used for climb.
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The variation in alrplane level-flight speed with
gltitude is shown in flgure 19. The fact that the speed
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Figure 19,~ Effect of altitude on level-~ flight sneed of jJet-
propelled airplane. t = 1500° F; Ne =Np = 85 percent;
= 500 pounds; 8 = 10 square feet.

does not increase with altltude 1s due to the assumed
effect of the Mach number on the drag. As the altitude
increases, sonlc veloclty decreases and the Mach numbsr
effect on the drag 1s evident at lower flight speeds.

If the alrplane were 1 .rger or the engine smaller, the
flight speeds would be lower but would increase sllghtly
with altitude in the usual manner,
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" In figure 20 the maximum rate.of .climb is shown as
a function of the altitude. The discontinuity in the
8lope of this curve oscurs at.the altltude above which
the temperature is assumed to be constant.
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Flgure 20.- Effect of altitude on maxinmum rate of climb
of jet-propelled ailrplane. = 1500°. F;

max
Me = mp = 85 percent.
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These performances are only for a particular combina-
tion of airplane and jet engine. Curves of thrust power
against speed for variouvs altitudes may be drawn for an
engine having any combination of turblne and compressor
efflecioncies and maximum temperature, and on these engine
curves rmay be superimposed the performance curves of any
alrplane, For an englne of diffsrent size, having flow
properties similar to throse of the englne described, the
fuel consumption and thrust power very with the square
of the engine dlameter.

CONCLUDING REMARKS

For each assumed meximum engine temperature in this
performance analysis of Jet-propulsion systems, perticular
attention has been glven to only two types of cjcle:
the type glving moexlum . thrust power per (pound per second)
of conducted air and the type glving the highest over-~all
efficiency of conversion of fuel energy into thrust power.
When the turbine and the compregsor are selected for
engine operation at maximum over-all efficlency, the
over=all efficiency 1s about 1L times ard the thrust power
1s avout three-fourths of the corresponding values when
operaticn 1s at maximum thrust power.

The maximum thrust-power output at a partlicular
altitude 1s approximately propartional to both the flight
speed ard the temperature dlfference hetween the free
stream end the combustion chamber.

The efficlencies of the turbine and the compressor
are sbout equally important 1n determining the engine
performance. T['or reasonable values of each, the product
of these effliclsencies may be considered a good index of
the attelnable performanca.

"he follewling table shows the rslatlon between the
product of turblne and compressor eff lclencles and the
over-all efficiency for two flight speeds. Althovgh
basged orly on cycles glving meximur thrust, the table
applies to all altitudes and englne -temperatures con-
sidered herein.
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i . ' Ovér-all efficilency
‘Product of turbine (percent)
and compressor sfficiencles 880 fps W0 fps
0.4 8 to 10: ——mm————
.5 13 to 15 LL to 6
.6 16 to 18 8 to 10
7 20 to 22 10 to 12

b

The fuel-air ratlos and the pressure ratios for the’
maximum~-power cycles are determined by the meximum
allowable gas temperature and the product of turbine
and compressor efficlenciss. The approximate magnitudes
of these ratlos for three gas temperatures are shown in’
the following table:

Maximum
Pressure Fuel-alr
tem§8§§t“r° . ratio ratio
1500 - to 6 0.015 to 0.013%
1800 8 to 9 .019 to .016
2100 10 to 12 022 to .020 °

In thlis table the product of turblne and compressor
efficiencles 1s constent at 0.65. A similar table for
an efficlency product of 0.50 would show fuel-air
ratios 0.001 to 0.002 higher than and pressure ratlos
about two-thirds of those shown.

Langléy Memorlal Aeronsutical Laboratory
National Advisory Committee for Aeronautics
Langley Flsld, Va.
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APPENDIX A

SYMBOL3

cross-sectional area of duct, sq ft
aspect ratio

sonic velocity, fps

drag coefflcisnt
proflle-drag coefflcilent
11ft coefficlent
dlameter, ft

drag, 1b

span efficlency factor
11ft, 1b

Mach number (Vo/c)
rotational speed, rps
pressure, lb/sq in.

thrust power, hp
volume rate of flow of air, cu ft/sec

ratio of statlic pressure after compressor to static
pressure befcre compressor

wing area, sq ft
temperature, OF

maximum gas temperature, OF
thrust, 1b

specific volume, cu ft/1b

velocity of alr through duect, fps
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VJ -veloclty of-alr -through -exlt nozzle, fps
v flight speed, fps '
gross welght of alrplane, 1b
Wa welght rate of charge-alr flow, 1b/sec
We rate of fuel consumptioﬁ; 1b/sec
N adlabatic efficlency of mechanlical compression,

ratio of lsentrople to actual enthalpy increase
for a particular pressure rise

uh thermal, or cycle, efficlency
Heat 1nput ~ Heat rejecteéh
Heat input /

i 2V
Ny propulsive efficlency of the alr jet <§__J;;i>
+
o

Ny over-ell efficlency of converslion of fuel energy
into thrust power

Nip adlabatlic efflciency of turblne, ratio of actual
to 1sentropic enthalpy decrease for a particular
pressure drop

p air density, 1b/cu ft
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APPENDIX B
CONDITIONS AND ASSUMPTIONS

The condltions and assumptions used iIn the foregoing
analysls are listed he~ein. Some explanation 1s glven
when necessary.

Army summer alr is used exclusively. The thermal-
alr Jet englne operates on the same cycle as a ducted
cooling system; the atmosphere customarily used in
calculations for cooling equipment 1s therefore used
for the jet engine. This use of Army air glves a somewhat
conservatlve estimate of englne performar.ce.

Uniform tempereture, pressure, and velocity exist
over any cross sectlion of alr duet in the engine. Alr
velocity throughout the englne is kept so0 low that
deviations from this 1deallzed condition are of 1little
slgnificance.

No heat is 1lost from the engine by conduction, and
all alr flow 1s frictionless except In the turblne and
compressor. These 1deallzatlons invalidate none of the
conclusions, sinze the Auct friction losses are negliglible
wlth the velocitles used end the conductlion heat losses
may be taken care of by using a slightly higher fuel rate.
It may be possible in some cases to improve the performance
of a jJet-englne installatlon by decreasing the duct arsa
ané therefore the frontal area of the engine and by taklng
some friction loss in the ducts.

The welght flow of charge air 1s maeintalned pro-
portlonal to the stagnetlon density of the charge alr.
The following discussion 1Indlcates the reasons for this
assumptlon and some of 1ts results. With this air-flow
control, the veloclty of the alr entering the compressor
1s practically consteant. When the engine is operating
at maximum thrust power and a particular maximum tempera-
ture, the velocity of air entering the turbine 1s constant
to sbout 17 percent, for flight speeds of 10 to 880 fps
at altitudes from sea level to 60,000 ft. The continulty
equation for the conducted alr 1s

wa = Wy
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The entrance area and velocity remaln ¢onsétsht for both
compressor and turbine. The welghts of the alr flowing
through the compressor and the turbine are essentially
equal and thus vary at the same rate. The density of
the alr entering the compressor and the turblne, there-
fore, varies at the same rate. Furthermore, both the
torque output of the turbine and the torque required to
run the compressor at -constant speed are proportional to
the density of the conducted alr. The compressor torque
requlred and the turbine torque produced, therefore, ,
vary at the same rate and remain balanced at a constant
rotational speed over a wlde range of altitude and flight
speed.

Because the assumed control of alr flow makes 1
possible to operate the compressor at constant Q/nd”,
the power put into a pound of alr by the compressor is
constant for all altitudes and flight speeds. The
pressure ratio 1s greater at high altitudes, then, than
at low altltudes and 1s slightly greater at low flight
speeds than at high flight speeds. In fig. 21 theV

o

12 *1fp8)“
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P = o el I
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Figure 21,- Effect of altitude on pressure ratlo over an
exlal compressor. Constant rotational speed and air
volume,
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préssure ratio 1s shown as a function of altitude and
flight speed for an axial compressor operating at con-

stant Q/nd’ and en adlsbatic effioisncy of 85 percent.
This varlation in pressure ratio for a particular com-
pressor causes an engine designed for meximum power at
a particular altitude and speed to operate at maximum
power over a wlide range of altitude and speed.

The heat value of the fuel is 19,700 Btu/lb, and
combustion 18 assumed complete at the turbine entrance.

Losses 1n total pressure occur only in the compressor
end the turbine, and mechanical losses are allowed for
in the efficlencles of the compressor and the turbine.

Because of the great excess of sair, the propertles
of the exhaust gas are assumed to be the same as those
of air, but alloweance 1s made for the increase in the
welght of the conducted air due to the addition of fuel.
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